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FOREWORD

This report has been prepared by the Corporate Technology of Owens=-
Illinois, Inc., Toledo, Ohio, under Contract DAHC 15-72-C-0170.

Dr. Norman L. Boling is the Principal Investigator and Program
Manager. Dr. George Dubé is the Project Scientist.

T2 views and conclusions contained in this document are those of
the auéhors and should not be interpreted as necessarily representing
the official policies, either expressed or implied, of the Advanced Re-
search Projects Agency or the U. S. Government.

This report is unclassified.
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ABSTRACT

In Section I, results of studies of Q-switched laser damage to
transparent uncoated dielectric suriaces are presented. It is concluded
that surface scratches and digs on some conventionally polished glasses
are not of prime importance in damage. Rather, contaminants left by ihe
polishing process determine the damage threshcl¢. Removal of these con-
taminants can be etfected by treatment in not nitric acid or hot water,
reising the threshold to as high as 500 J/cm® (%0 ns). The effective-
ness of the treatment is dependent on polishing history.

An analysis of pulse cutoff by the damage site is also presented.
It is concluded that the shape of the cutoff is not related to the dam-
age mechanism, but rather to the manner in which the plasma exypands
across the laser bean.

In Section II, results of experiments on the feac bility of a high
energy density laser are reported. Damage-free operation al more than
4.4 gh/en® (70 3/em® in a 15 ns pulse) was achieved. Restraints on

higher irradiance operation and possible improvements ire discussed.



1. SURFACE DAMAGE STUDIES

I-1. Summary

This is the tinal report on contract DAHC 15-17-C-0170 on which work

was initiated 1 July 1972, and terminated 51 August 1974, This vork

has been an extension of work begun under contract DAHC 15-69-0-0503

which extended from 1 July 1969 to 1 July 1972.

Only results obtained since the last semiannual report of 1 July 1973

will be reported herein, with previous data recapitulated only as needed

for clarity. The reader is referred to past reports for a complete view

of work accomplished under the contract.

The sub

Although it is generally held that a TEMpo mode laser is necessary for

accurate, reproducible work on surface damage, we have found that in some

circumstances a multimode laser is acceptable. With a multimode glass

oscillator-amplifier system, exit thresholds of 14O J/cm2 (30 ns) were

measured on ED-2, With s carefully constructed TEMgo mode laser, trresh-

olds of 125 J/em® were obtained. These thresholds are the same within

experimental accuracy. Multimode lasers can suffice tor accurate work

because gain saturation tends to ''smooth'! the beam profile and because

small ''hot spots'' arc erased i1 the far field.

Although basic theory suggests that scratches and digs on the surface

should lower the threshold for damage, we have found that defects on ED-2

laser glass after conventional, routine finishing in a commercial shop

are not detrimental. In fact

s Prolonged polishing to reduce the size

Jject of Section I is Q-switched laser damage to glass Surfaces,




and number of surface defects can sometimes result in a lower threshold.
he attribute this to increased contaminants introduced into the surtace.
We conclude that removal of such contaminants is more important than
'"superpolishing'' tor increasing the threshold. An effective method

of removal, for ED-2, appears to be submersion of the surface for several
hours in hot nitric acid. The effect of this treatment is dependent on
polishing history, but in some cases the entrance threshold is raised
permanently from approximately 150 J/cm2 to almost 500 J/cm2 without a
detrimental ef'fect on the surface optical quality. Treatment in boiling
water is almost as eftective.

Many materials of current interest will not withstand hot nitric
acid or water. Ve suggest that other high-temperature agents might be
etffective in greatly increasing the threshold for these materials.

An analysis of pulse cutoff by the damage site is also presentcd in
Section I. We conclude that significant pulse attenuation is always due
to a plasma and that the details of attenuation (fast cutoff’, slow cutoff,
cte.) can be explained by considering the plasma expansion rate and beam
size. It is inappropriate to infer a particular damage mechanism from
the pulse cutoft.

At the outset of this work several years ago, surface damage to
laser glass was held to be a limiting factor in G-switched operation.
Damage thresholds of 30-~40 joules/cm2 (30 ns) were often obtained. In
the course of this work and that of many other investigators, laser glass
with exit threshold greater than 100 J/cm2 is now commercially available

on a routine basis. This has been accomplished first by simply making
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accurate measurements of the threshold, which in some cases had always
been over 100 J/cmz, and second, by learning to avoid certain polish-
ing compounds and/or polishing procedures. With thresholds of over
100 J/cmz, surface damage 1s no longer a limiting factor in many glass
sysiems. In those systems where it might be a problem, we now know how
to increase the exit threshold to over 300 J/cm2 (about 50C on the en-
trance).

Although self-focusing damage was not specifically a subject of
this contract, some work on obtaining n, from linear parameters is in-
cluded here, since this work would not have been undertaken in the ab-
sence of the contract. The results are included as an appendix in the
form of a paper by N. L. Bol'ng, A. J. Glass of Lawrence Livermore Lab-

oratory, and A. Owyoung of Sandia Laboratory.

I-2. Introduction

In Section I we discuss several aspects of laser-induced surface
damage. Each subsection is self-explanatory. Two subsections, I-3 and
I-h, will perhaps be of the most practical interest. Section I-3 deals
with the role of surface geometrical defects in damage, and Section I-k
with the use of hot nitrie acid or water to remove surtace contaminants.
These two subsections are complete in themselves and can be read inde-

pendently of the rest of the report.

I-3. Experimental Arrangement and the
Non-Necessity for a TEMgg Laser

The experimental arrangement, including the laser and damage detec-

tion techniques, is described in detail in refs. 1 and 2. The laser is

~3-
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made up of a glass oscillator followed by four amplitiers. It operates

in the TEMgo mode and emits several joules in a 30 ns pulse. Measure-
ments at 4 ns have also been made, but unless specified otherwice, re-
sults herein were obtained with 30 ns pulses.

Output energies of several joules allow us to do damage testing with
a relatively large spot, about 1.8 mm diameter. This yields damage
thresholds of practical interest in real systems where large beams are
used of necessity. These thresholds are of'ten much ditterent from those
obtained with spots of a few microns or a tew tens of microns diameter.

Early in this work, it was taken as a truism that a TEMgo laser is
required to do accurate, reproducible damage measurements. This was
based on reports indicating that very low thresholds are obtained with
multimode beams relative to those obtained with TEMgy beams. Conse-
quently, we made a significant effort to design and construct a TEMg,
laser for this study. We now believe this was not necessary, although
it is still firmly held to be so by many workers.3® We base this conclu-
sion on damage thresholds obtained with a TEMg, beam vs. those obtained
operating multimode with a saturated glass oscillator-amplifier system.
For the multimode case, the damaging spot was several mm in diameter,
and the energy density was determined as an average across the spot.*
Damage measurements were made in the far tield for both the multimode
and single-mode cases. As reported in ref. 4, the multimode exit damage
threshold for ED-2 laser glass was approximately 140 J/cma. With the
carefully designed TEMpo laser, exit thresholds were measured as ap-

proximately 125 J/cm2, with the average across the 1.8 mm spot being

L.




100 J/em®. (This lower average value has been accepted by us for re-
rorting purposes in order to keep any error on the conservative side. )

The argument that has been used for the necessity of using TEMgq
beams involves small ''hol spots'' often seen in multimode beams. Tt
is argued that the energy density in these hot spots can be as much as
an order of magnitude larger than the average density across the entire
spot. This is perhaps true at the end of an amplifier where self-focusing,
for example, of the beam has occurred; but it is instructive to consider
semiquantitatively what happens to these ''hot spots'' in the far field.

Consider a spatially square beam of diameter D; and energy density
P1 incident on a lens. In this beam is a hot spot of diameter Do << Dy
and energy density p->. D, and Dy are focused to diameters d, and 4, re-
spectively. Elementary arguments show that the relative intensity be-
tween the beams D, and D, incident on the lens is decreased by approxi-
mately the tsctor (D2/D1)2 in the focused beams d, and d». Thus if a
100 micron hot spot in a 1 cm beam has ten times the energy density of
the 1 em beum and thesc two are tocused by the same lens, the intensity
of' the tocused 10 wm beam will be only 1072 that of the tocused 1 cm
bean  This argument is very crude, of course, but it serves to partially
quantify the statement that ''hot spots'' are diffracted out of the test
beam very rapidly.

Another reason for the obtainment of similar thresholds in single-
and multimode beams is advanced by G. Dubé. When a glass amplifier is
operated in the saturated region, hot spots tend to be smoothed over.

This was probably the case in the work of ref. U4 where the last amplitier




was operated well in the saturation region. The point we wish to em-
phasize here is that fairly accurate damage measurements can be made
with a large multimode beam when the sample is placed in the far field.
In fact, because the average energy density is relatively easy to mea-
swre in a large beam, it is probably pretferable to do many damage stud-
ies with large multimode beams rather than very small (a few microns)

single-mode beams where accurate spot sizes are difficult to ascertain.

I-4. Studies of the Relation between Geometrical
surface Defects and the Damage Threshold

In this section, we discuss the relation between surface defects -
scratches and digs - and the susceptibility of the surface to damage.
More specirically, we are interested in whether or not polishing the
surface to a high degree of smoothness atfects the damage threshold.
Before attacking this question, it is appropriatec to have an estimate
of Jjust how high the surtface threshold can be raised. Obviously, the
limit on the surface threshold is that of the intrinsic breakdown level
of the material, so the problem becomes that of determining the ratio
of surface threshold to intrinsic bulk threshold tfor so-called '!con-
ventionally polished'! surtfaces.

We use the terms ''conventionally polished!'' and '"superpolished'!
very loosely. By ''superpolishing,'' we generally refer to a ''bowl-
teed'' process which, it done carefully, leads to a surface with fever
and smaller scratches and a low rms roughness value. However, the ef-
fect of the jolishing process on the surtace depends on many factors.

Among these are the type and size of the grinding materials used,

-6~
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poiishing compound, composition polishing time, amount of water used on
the lap, etc. Seeming;y insignificant changes in any one of thesec can
lead to large changes in the modified surface layer created by polish-
ing. Because of this complexity, we stress that the terms "*super'! and
'"conventional'' are not sufficient to describe polishing. We use them
only because they have been used to describe results of other damage
studies.

To address the gquestion of bulk vs. surface threshold, we refer to
the work of Olness and Swain.5:® They investigated the effect of hydro-
fluoric acid etching on the entrance surface threshold of three commer-
cial glasses. A 5 ns, TEMgpo pulse from a glass laser was used. The
glasses as they were received from the manufacturer exhibited entrance
thresholds of 35 J/cm® (7 GW/cm®). We have made measurements at U ns at
Cwens~Illinois that agree well with these values. Upon etching in HF
acid and glycerin for approximately two hours, the threshold increased
by a factor of two to three, a significant increase. But when the sam-
ples were refinished using barnesite and a pitch lap, the result was even
more dramatic. The threshold increased more than an order of magnitude,
going as high as 380 J/cm? (76 GW/cm?).

Since these measurements refer to the entrance surface and since
the electric vector on the entrance has the same magnitude as in the
bulk, these values can be used to indicate a minimum value of the bulk
threshold. That is, since Olness and Swain saw no internal damage,”’ we
can conclude that the bulk threshold was at least an order of magnitude

higher than the conventionally polished surface threshold.
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We have found further evidence tor this in other work. Feldman
has measured a minimum intrinsiec bulk threshold ot 50-60 Gw/cm2 ot 25
ns tor laser plasses.® At Owens-Illinois, we have regularly been ob-
taining thresholds of 4 to 6 Gw/cm2 (30 ns}, again at least an order
of magnitude below the minimum bulk threshold.

On the other hand, recent measurements have been made of the ratio
of bulketo-surtace breakdown levels using the same test setup for both
measurements.® In these measurements, a small beam (®~ 20 um) was focused
tirst inside the sample and then on the surface. The probability of
breakdown in these two positions was measured. For conventionally pol-
ished BSC (borosilicate crown) glass, a bulk-to-surface ratio ot only 1.7
was obtained. Thus, there is a rather wide discrepancy among reported
bulk-to-suriace ratios.

One reason for the discrepancy could be that, in the work of ref.

9, shots on which it was judged inclusions were struck were not counted,

nor were the levels at which these inclusions damaged reported. That is,
only shots on vwhich it was judged that intrinsic damage had occurred were
counted. This could lead to the high reported values for surface break-

down (34 GW/en® or ~ 40O J/em® at 12 ns).

Another reason for the discrepancy could lie in the subtleties in-
volved in using very small beams tor damage studies, as was done in ret.
9. If we accept as a premise the idea that, for small enough beams,
there is no sharp damage threshold, but rather only a probability tor
damage at a jiven energy density, it is profitable to analyze an experi-
ment that compares the probability of bulk breakdown to surface break-

down. In such an experiment, damage is due to at least one free electron

gaining enough energy to begin an avalanche.




Consider Figure I-1. The laser beam is focused through a microccope

lens of focal length f to a 3pot of diameter d on a sample surface that
has no inclusions and is perfectly uniform. ZLet's suppose in this ideal
experiment that the beam profile is sguare and not Caussian as in mocl
real experiments. That is, it is possible to associate unambiguously an
energy density to any shot that causes damage. 1In this way we can ascer-
tain the electric field ''seen'' by the electron that starts an avelanche.
One proceeds to hit the sample with a large number of' shots at a constant
energy level, counts the number of these that cause damage, and then de-
termines the probability PS(E) of damage at that energy level. Now sup-
pose 4 is doubled while maintaining the energy density constant, and the

experiment is repeated in a second series of shots. It 1s obvious that,

f if the beam is small enough to see statistics, the probability for dam-

age will be greater in the second series. The reason tor this, of course,
is that the probability of damage depends on the initial number of free
electrons available to initiate an avalanche in the irradiated volume.

The point of this argument is that, for a beam small enough to see
statistics on a uniform surtace, the parameter of practical interest is
not the probability of damage at a given energy level, which is system-
dependent, but rather the probability of damage per unit area of surtface

1 irradiated. In fact, even thisc is over simpliflying things. The break-
down nccurs not an idealistic two-dimensional surface, but in a surface

layer of probably a few hundred angstroms depth. (We consider this

I Dl i linliiey -

depth to be roughly that of the modified surface layer left by the pol-

ishing process. It is in this layer that one expects higher free electron

-9-
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densities due to stresses, impurities, etc.) Thus, one should really
consider the probability of' damage per unit surtace volume as indicated
in Figure I-l.

Let us imagine next that the beam is now focused inside the sample
to measure the probability of bulk breakdown P

B
Again, it is obvious that the number of free electrons in the tocal vol-

(E), as in Figure I-2.

ume VB is system-dependent, and therefore that PB(E) is system-dependent.
If we consider the ratio PB(E)/PS(E), it might appear that the

system-dependence cancels. That this is not the case can be seen by

considering that the ratio VB/VS (in Figures I-1 and I-2) changes as

the focal length of the lens changes. That is, V, is roughly yropor-

B

tional to 2, while V. a t2.

S
Thus, the ideas of electron avalanche and damage probability lead

us to conclude that the ratio of bulk-to-surface breakdown levels cannot

be measured with very small beams. However, one might make the seemingly

obvious argument that, if the sample surface is placed in the middle of

the beam waist as in Figure I-3, and the bulk is seen to damage before

the surface, then surely the surface breakdown level is at leact that

of the bulk. After all, the beam has to pass through the surface to cet

to the bulk! Again, this argument is wrong it one accepts the idea of

damage probability. This can be seen by considering again that VB/VS

(Figure I-3) changes with f. If f is doubled, for example, the number

of free clectrons in the surface volume is quadrupled, while the number

of free electrons in the half of the focal volume in the bulk goes up by

about a factor of nine, and therefore PB(E)/PS(E) is not constant.

-10-
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We have gone on at some length with this analysis of small beam
results in an attempt to resolve the discrepancy in reported ratios of
bulk-to-curface breakdown. On the basis of this analysis and reported
large beam results, we conclude that, on conventionally polished lac v
glass, which exhibits entrance thresholds of 4-6 GW/cm® at 30 ns, the
surface threshold is at least an order of magnitude below the bulk
threshold.

We return to the effect of scratches and digs on the surface thresh-
old. The idea that a scratch or dig should influence the damage thresh-
old stems trom the work of Crisp, et al, who showed the importance of
considering the local macroscopic field in damage studies.® Thus by
a straighttorward application of Fresnel's equations, they were able to
explain the asymmetry between entrance and exit damage thresholds.
Bloembergen extended the ideas of Crisp, et al, by observing that the
electric field of a laser beam is enhanced at scratches and digs.!® He
theretfore concluded that such defects should lead to a lower damage
threshold. This lowering of the damage threshold by defects would take
place whether damage was due to either avalanche or inclusions. How-
ever, because small enough inclusions do not damege, and because free
electrons can diffuse out of the high electric tield regions around
small enough scratches before an avalanche can build up, it was theo-
rized in ref. 11 that defects of less than about 100 R in their small-
est dimension should not lower the threshold.

Before Bloembergen's analysis, Guiliano had conducted surface dam-

age experiments on ion polished sapphire.'? The sapphire samples were

-11-
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generally smoother than is often achieved with a conventional polish,
and the threshold was indeed higher by a factor of from two to six than
on conventional surfaces. These results are often cited as confirma-
tion of tbe correctness of Bloembergen's analysis. However, an alter-
native interpretation is that the increased threshold resulted because
ion polishing introduces less contaminants than a conventional process.,

More recent experimental work on the comparison of intrinsic bulk
breakdown to intrinsic breakdown of superpolished surfaces has also
seemed to support Bloembergen's analysis.® 1In fact, the work of ref. g
implies that glass surfaces do not have to be polished very carefully
to raise the intrinsic threshold of the surtace to that of the bulk.
(Again, inclusion damage was excluded in the data.) Close examination
of' the electron micrographs of superpolished BSC glass in ref. 9 reveals
scratches as large as 2000 K, and yet the intrinsic surface threshold
was reported to be the same as that of the bulk. Laser glass can be
polished to this degree (< 2000 ) scratches) on a routine basis with
''conventional'! polishing techniques.

Damage thresholds of ''conventionally polished'' and ''superpolished'!
fused quartz are also compared in ref. 9. The ''conventional polish'?
can only be described as terrible. Defects as large as one micron are
clearly visible. The ratio of surface-to-bulk threshold on this was
again 1.7. The ''superpolished'' fused quartz again had a surface easily
obtainable by routine polishing. Our interpretation of these micrographs
and reported results is that no special care in polishing is required to

achieve the results presented in retf. 9.

-12-
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We note that the experiments of ref. 9 were done with a very small
beam (~ 20 um) and that a probability rather than threshold interpre-
tation was made. The analysis of small beam measurements presented above
causes us to question the meaningtulness of the ratios reported. How-
ever, such <~ veriments, it the geometry is maintained, should reflect
changes in the surface-to-bulk ratio from sample to sample of the same
type material.

The two works discussed above (refs. 9 and 11) are consistent with
the idea that a smoother surface leads to a higher damage threshold.

On the other hand, the work of Olness and Swain®,® on HF etched laser
glass might lead one to a different conclusion. After deep etching of
the commercial laser glasses they tested, which could have been expected
to exhibit ocecasional scratches of a few thousand angstroms when supplied
by the vendors, the surfaces were lef't in extremely rough condition. De-
fects as large as 3 to 4 microns can be seen in the optical micrographs
of ref. 5. 1In this case then, the change vas from a fairly smooth sur-
face to a very rough one, and yet the damage threshold increased by an
order of magnitude. This suggests two points. First, increasing the
surface geometrical defects does not necessarily decrease the damage
threshold. GSecond, surface contaminants play the major role in deter-
mining the damage threshold.

Because of these seemingly conflicting results, we have measured
the damage threshold of several samples that have been bowl-feed pol-
ished. We note again that a large beam was used in our experiments, so

no shots could be discarded because of inclusion damage. Thus, the
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thresholds we measure are practical; i.e., they are representative of
what one might expect in a real laser system that of necessity utilizes
a ''large'' beam.

To ascertain the relative smoothne:s of the surfaces we have damu;
tested, electron microscopy was used. Some may object that surface
smoothness cannot be quantitatively measured in this way and that an
rms roughness measurement would be more appropriate. However, since
theory indicates that only defects larger than about 100 A are detri-
mental,ll we are interested only in isolated scratches and digs. Elec-
tron micrographs are better suited for this than are rms roughness mea-
surements.

Figures I-4k and I-5 Juxtapose two surtfaces of ED-2 laser glass. Both
have been bowl-feed polished in the same manner, except that the one in
Figure I-4 was polished longer in an attempt to further remove scratches.
Thls surface did in fact present a slightly better appearance when viewed
in its entirety. Yet the damage threshold on this longer polished sur-
face was only 45 J/cm2 (@5 GW/cma), while the threshold of the other
surface was 90 J/cme. These two surfaces, however, were polished with
Jewelers rouge (iron oxide), which is known to cause low damage thresholds
at 1.06 pm.2 Initial damage is always due to inclusions on rouge-polished
surfaces. But two inferences can be drawn from the data. First, longer
polishing to get rid of scratches can lead to a much lower threshold.
Second, the polishing history, aside from geometrical defects, is ot

prime importance in damage.
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Another set of compariscn surfaces is shown in Figures I-6 and I-7.

These are fused quartz surfaces polished in the same manner by conve::-

tional techniques. The surface in Figure I-7 has been subjected to an

acid etch, leaving pits of about 1000 8. The entrance damage thresholds

Tor the surfaces of Figures I-6 and I-7 were respectively 310 and 3%CO
J/em?, about the same within the accuracy of the measurements.

Still another set of comparison surfaces is shown in Figures I-8
and I-9. In Figure I-8 is an ED-2 surface conventionally polished with
barnesite. Scratches as large as 1C00 R can be seen. (It is instructive
to compare this ''conventional'' surface with the 't superpolished!*® BSC
glass surtface of ref. 9.,) Figure I-9 shovs a very good bowl-feed pol-
ished surface. This sample clearly warranted the description !''super-
polished.'' No scratches larger than 100 A can be seen. The entrance
damage thresholds of the two surfaces (Figures I-8 and I-9) were the
same, 150 J/em® (5 GW/em®).

In those cases described above and in similar other cases, we have
been unable to find an example of an increase in threshold due to a de-
crease in the geometrical surface defects. 1In fact, the opposite has
sometimes been the case. This seems in clear conflict with the basic
argument that the field is enhanced at scratches and digs. We offer the
tfollowing speculations in regard to this conflict:

1. As pointed out by Bloembergen,ll the degree of field enhancement
can only be estimated. Thus the calculations of ref. 11 are only rough
estimates. Of the three ideal defects treated, the one which en-

hances the electric field the most - by a factor of n® - is the
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"1yee'' shaped groove. For this defect the maximum effect on ED-2,
with an index of 1.56, would be a lowering of the ihreshold by a

= factor of about 5. Given the nature of the calculations, this
tfactor might be much too high.

2. Given that all other conditions are equal, it might be true that a

¥ scratched surface will damage before a smooth one. This would not
be inconsistent with our experimental results. In the examples we
have discussed, the surfaces were always different in ways besides

1 3 the size of scratches by virtue of having been etched or not, or
polished for different times, etc.

3, Free electrons might diffuse out of the high field region faster
than estimated in ref. 11. This could make scratches of the size
found on most polished surfaces innocuous.

4. TIf one considers electron avalanche initiated by a free electron to
be the mechanism of surface damage, there is a clear theoretical
reason why scratches are not as important as might be thought. Con-
sider a single 1000 R spherical pit struck by the laser beum, for
example. By the arguments of ref. 11, the surface with this pit
should damege more easily than a perfectly smooth surface. But the

] field is enhanced in a region ot only about 105 em® around the

‘ pit. The probability of finding a free electron in this high field

region is small. The extension of this argument is obvious. The

density of defects on the surface must be taken into account if
avalanche is the breakdown mechanism.
Whatever the case, there are two points that are clear from our ex-

periments. First, surface contaminants are often more important than
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scratches and digs in lowering the damage threshold. Second, 1olishing
of laser glass to a degree greater than that readily obtainable by con-
ventional polishing techniques does not raise the damage threshold,
might even lower it through introduction of more surface contaminant:.
In closing this section, we note that the surfaces tested and shown
in the electron micrographs were carefully selected. In general, the
appearance of polished glass surfaces in electron micrographs varies
widely, even when the same glass, polishing compound, and polishing
techniques are used. This is illustrated in Figures I-10 through I-17
which show ID-2 laser glass polished under various conditions. Note the

inclusions readily visible on some of the samples.

I-5. Use of Hot Nitric Acid or Hot Water
to Increase the Surface Threshold

I-5.1. Introduction and previous results

Having concluded that renderinz a glass surface free of scratches
and digs does not generally raise its damage threshold, we have concen-
trated on surface treatment techniques. These treatments have been based
on the premise that surface damage in large beams is due to surface con-
taminants lecit by the polishing process.

Acid treatments to raise the surface threshold are, of course, not
new. Several investigators have tried them with different acids and
varying results. Davit!® used a solution of sulfuric and hydrofluoric
acids and tound an increase in the threshold lasting only a few minutes.
Sometime ago, we tried very weak solutions of hydrofluoric acid on ED-2
laser glass. No increase in threshold was observed. On the other hand,

Yamanaka, et al, have reported a substantial (= 40%) threshold enhancement

] ffass




on bariw: crown glass after a 10-minute immersion in 10% hydrofluoric

acid.'* They made no comment on the optical quality of the surtace

after etching. In their work, Olness and Swain s used a very strong
solution ot hydrotfluoric acid on silicate glasses and the surface was
deeply etched. Although they obtained up to a tenfold increase in

the threshold, the surface was optically unacceptable.

When one views superpolishing and acid etching collectively, a
patiern emerges. Continued polishing to achieve smoother surfaces can
lower the threshold. When enough of the surface layer is removed, the
threshold can be increased dramatically. These results imply that pol-
ishing contaminants are of primary importance in damage, and that a
method for removing them without deleterious effects on the optical fin-
ish would lead to an increase in threshold usetul in practical cystems.

I-5.2. Experimental results

We hevse treated barnesite-polished ED-2 laser glass with hot (Jjust
below boiling) 0.4 molar nitric acid. The results have been striking.
The entrance threshold is raised from 150 J/cm2 (50 ns) to as high as 470
J/en®.  Furthermore, the surface is left in good optical condition, al-
though in some cases the acid exposes subsurface scratches left by polishe
ing. Turther yet, the etfect appears to bc permanent. Acid-treated 1D-2
lett in the lab enviromment for almost two months and then cleaned and
subjected to a damage test still exhibited a threshold of 470 J/em”.

On the other hand, the effect of the hot acid treatment varies with

polishing history. The increase in threshold for the ED-2 barnesite-

polished glass given above was 320 J/cma. This was for a set of samples
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all polisned in the same manner in a particular polishing shop. The
increase was consistent from sample to sample in this set. MNowever,

for #D-2 ;olished by different techniques, including bowl-teed and dil-
ferent rolishing compounds, the increase in threshold varied trom alno:.i
zero to £{0 J/em®. The variation in results for ED-2 is indicated in
Table I-1. (The listed thresholds arc accurate to within + 25%.)

These results clearly indicate the importance of the polished sur-
face layer. That this is the case is not surprising vhen one considerc
the complexity of the process we simply label ''polishing.'' The earli-
est discussion of the polishing problem appears to be by Robert Hooke. *°
It has been a subject of speculation by such luminaries as Newton and
Lord Rayleign, yet no satisfactory explanation of the jolishing process
has yet been devised. There is still contention over whether rolishing
is a result of abrasion by ever-finer particles, a melting and resolidi-
fying of the surface with intermediate tlow filling in scratches, or
even a chemical process.

An example of how the surtace is attected by the details ot polish-
ing is found in a2 paper by Bennett and King.® They used ellipsometry
to measure the thickness and refractive index of the surface layer on
fused quartz. After volishing by a given process, they found the modi-
fied surtface layer to be 100-200 K thick with an index 0.005% £ 0.010
above the bulk value of 1l.46. By changing only the amount of water on
the pitch lap, they tound the surtface layer could be several hundred
angstroms thick with the outer part having an index as high as 1.50.

Let us return to the effect of the hot nitric acid bath on polished

glass surfaces. Figures I-18 and I-19 show respectively ''before'! and
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‘'alter'' electron micrographs of a treated surtface. The glass in this
casc¢ is TY-1l, an Cwens-Illinois Faraday rotator glass. ED-2 shows a
similar ertect atter nitric acid treatment. The acid treatment cauc:: .

a siriace graininess. One might expect this to lead to increased su. -
face scattering. /lthough we have not done cuantitative scattering
measurements, visual observation of a He-Ne beam passing through before
and after surfaces Indicates no increased scattering. As is well known,
visial vbservations can be a sensitive test for differences in scattering
prorerties.

When ")-2 is polished with diamond, the increase in threshold after
acic treatment ‘s negligible (see Table I-1). Ilectron micrographs of
acic-trezted surfaces polished with diamond show some tendency toward
gra’niness but not as much as in the barnesite-polished case where there
is & luarg: increase in threshold. This is stili another indication ot
ditizrenc:e 'n the modified surface layer lef't by polishing.

We have subjected glasses other than ED-2 1o hot nitric acid. The
resulte tor parnesite-polished EY-1 were good, with the entrance thresh-
old incr.asing from 120 J/em® to 40O J/em®. The suriace was left in good
optical condition (sce Figure I-19). The acid does not remove seratches.
4 lacge ©-crateh wac visible in the sample of Figure I-19 (not shown in
the tigur. . It 's possible that this scratch was cxposed by the acid
bath. It s known that what appears to be a very smoothly .olished
surface .ten has subsurtface crevices that have been covered over in
the pclisiing process. These crevices can be exposed with mild acid

etches.
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Other glasces treated were fused quartz; E-11, a high index bismuth
glass; and FK-6, a Schott fluorosilicate glass. The barnesite-polished
fused aquartz showed no increase in threshold. The entrance threshold
was 300 J/cmz for the treated and untreated samples. No other polish-
ing process was tried on the fused quartz. The nitric acid badly damaged
the G-11 surtface, leaving myriad cracks. The same was true for FK-6.

The FK-0 surtace could be removed in flakes after acid treatment.

I-5.5. Theory

We turn nov to speculation about why the hot acid bath can be so
effertive in increasing the threshold. The et'fectiveness of the treat-
ment is time-dependent; Figure I-20 shows the entrance threshold vs. time
in the acid bath for barnesite-polished ED-2. The threshold begins at
abour 160 J/cma, rises rapidly for the first flew hours, and then approaches
an a.ymptotic value. The shape of this curve and the times involved sug-
gest that the increase in threshold is related to a diffusion }rocess.

To turther explore this, we examine the mathematics of diftusion.

The diffusion equation is

aC >C

= S (1)
ot T
wherc C is the concentration of the atomic species of interest, t is the
time ot diffusion, x is the diffusion distance, and D the diffusion co-

efficient. As a system, we take our 1 em® glass samples submerged in

nitric acid. This approximates a semiintinite solid in contact with a

semiinfinite liquid, and the appropriate solution ot (1) is




C = Co (1 - erf —= ) (2)
2,/ Dt
where Co is the concentration of the species of interest in the liquid.

Arbitrarily, setting C/Co = 1/2 we obtain

X1/2 =,/ (3)

or

Xl/2 (01 ,\/T

Xl/g is the distance into the glass surface at which the concentration
C is one half C,.

The tfractional change in untreated surtace threshold A(DT)/DT is
plotzed in Figure I-21. We see that indeed the fractional change in
threshold follows 4 very well, except the point at 24 hrs is far off
the ‘*urve. This is not surprising, since one does not expect the thresh-
old .0 increase indefinitely as dif'fusion progresses.

To further check the reasonableness of a ditfusion process, we set
t = 10% sec and x = 1000 & in eq. (3). We choose this value of t be-
caus:: the threshold is approaching a maximum after about % hrs. 1000 ]
1s rcasonable for the modified surface layer left by polishing. Thne
valu: then obtained for D is 10714 cm®/sec. The diffusion coefficient
in water for a glass similar to ED-2 is 10716 cmg/sec. Thus 1074 cm®;
Sec Is reasonable when one considers that D for glasses typically changes
two or three orders of magnitude between 25°C and 100°C. 3

This strong dependence of D on temperature might also explain why :

we heve seen large increases in the threshold through acid treatment at
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98°C while others have not when using acid at room temperature. Tt
also suggests that treatments at higher temperature, say 150°C in a
pressure cocker, might be effective in decreasing the strong derendence
on details of polishing.

A peculiar aspect of acid-treated ED-2 shows up in the damage
morphology. Figure I-22 shows an optical micrograph of an c¢xit damage
site. One can see what appears to be a thin film on the surface. This
film has been partially stripped away by the plasma accompanying the
damage. Interference micrographs show that this film is about 400 A
thick. The film does not occur on untreated ED-2, or on treated or un-
treated LY-1 or fused quartz. Normal cleaning ot the undamaged surface
with lens tissue does not appear to damage the film. Ve will not sjeccu-
late about the naturc of this film other than to say that one might ex-
peet nitric acid to leach Li ions from ED-2, leaving @ silica-rich sur-
face layer. is would be consistent with a dit'fusion proceus.

Boilin:; water is almost as effective as hot nitric acid in increas-

ing the surtace threshold of barnesite-polished ED-2. Twenty-four hours

in boiling water raised the entrancc threchold ot ED-2 to 360 J/en®.

However, no film appears around the damage sites on witer-treated samples.

In all tais discussion of diffusion, we have said nothing about
what is diffusing. This is5 because we don't know. It might be jo0lish-
ing contaminants, but since most atoms of polishing compounds are large,
diffusion would be very slow relative to, say, diffusion of lithium. Ve
leave open the possibility that evidence for a relation betwecen the in-
crease |in threshold and diffusion is misleading. The hot nitric acid

and ho& wvater might simply be very etfective cleaning agents.

|

o e, o

™

ol o

-

s 2,

-

"



I-5.4., Couclusions and implications

We have found a 2b-hour treatment in hot (98°) nitric acid or
boiling water can greatly increase the surface threshold of laser gloss.
The effectiveness of “he acid treatment is highly dependent on poliche-
L3 ing history of the surface. These rcsults are consistent with the view
that surface contaminants left by polishing are of rrimary importance
for surface damage. The results are also consistent with those of Sec-
tion I-3 where it was shown that longer polishing to achieve a smoother
surtace can lowcr the damage threshold.

We dn not completely understand vhy a hot acid or watcr treatment
is so effective, but the data suggest diffusion plays a role. Because
of this, and because acid at room temperature is not effective, vwc sug-
gest that treatments at still higher temperature may remove the depend-
ence on polishing history.

We have dealt mostly with laser glass in these studies, since that
was ouwr charter under the contract guiding the wori. Surfacc damage oun
laser glasc can be a practical problem unless care is taken to avoid
rouge polish. However, we have determined that ED-2 laser plass produccd in
an optical production shop normally has an exit thrcshold of well over
100 J/cm2 for large beams (30 ns). In most glass systems, sclt'-focusing
leads to damage before the surtace threshold is reached. TFor most yur-
poses, therefore, a surface treatment to raise the threshold is not re-
quired. (This may not apply to some systems, such as rangef'inder os-

cillators where surface damage can be important.)



Perhaps the greatest potential use for the results presentcd here
is for other fypes oif' laser materials where surface damage is still a
problem. Much effort is being expended, for example, on 10.6 pm window
materials. Many of these materials cannot be subjected to boiling water
or hot nitric acid without deleterious et'fects. However, other hot
liquid agents might prove effective.

Another area of' concern is damage to glass surfaces by flashlamp
light. This is particularly important in some of the large disk lasers

being used or constructed for fusion studies. We have tound that thor-

ough cleaning can greatly decrease susceptibility of laser glass to
flashlamp damage. \le are not sure that this damage is due to remnants
of polishing compound, but it it is, the treatments discussed here might

be etf'fective.

I-6. Analysis of Laser Pulse Cutoff by Damage Site

In studies of laser-induced damage to dielectrics, a commonly ob-
served phenomenon is cutoff of the laser pulse as it passes through the
damage site. The shape of the pulse transmitted through the damage site
- that is, the wave form seen on the photodetector - takes many forms.
Sometimes the pulse is attenuated in less than the response time of
the detector (usually less than one nanosecond); sometimes it is gradual,
taking place over 15 ns of a %0 ns pulse, for example; and often there
is no perceptible attenuation at all, even when damage has occurred.

The transmitted pulse shape has been used to infer the mechanism
of damage in some studies.?»7 It the cutoff is sharp, the mechanism

was inferred to be electron avalanche. Inclusion damage was inferred
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from a gradual attenuation. It is difficult to understand how an inclu-
sion can lead to significant attenuation under the conditions described
in ref. 17. In that work, a 20 un diameter beam was used. Inclusions
that lead to damage in a Q-switched pulse are often much less than a
micron in diameter. Such an inclusion would intercept much less than
one pércent of the power in the 20 pm beam, an amount too small to be
detected on a photodiode-oscilloscope arrangement.

One might argue that it is not the inclusion but the damaged area
resulting from the inclusion explosion that intercepts a significant
part of the beam. This is feasible, since sound, and therefore mechani-
cal damage, can traverse a 20 um beam during a Q-switched pulse. How-
ever, it has been shown that inclusions can lead to craters as small as
one micron in diameter.?'® Again the cross-sectional area of such a
crater does not intercept enough energy from the beam to cause significant
attenuation.

It was also shown in ref. 18 that inclusion damage can occur without
an accompanying plasma. Thus, one cannot argue that an inclusion initi-
ated plasme is responsible for pulse cutoff.

Because so much emphasis has been placed on interpretation of attenu-
ated pulses, we present an analysis of the phenomenon. To begin, we as-
sume that the plasma that often accompanies surface damage is responsible
for any signitficant interception of the damaging pulse. That is, we take
inclusion attenuation to be physically unreasonable. The damaging beam
is taken to be of Gaussian cross section. The temporal dependence of

the pulse is approximated by a half sine wave. A plasma is born at a point
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at R on the surface sometime during the pulse. (A cylindrica) coordi-
nate system with origin at the Gaussian beam center is used.) The plasia
electron density is greater than the critical value for the laser fre-
quency, which renders the plasma opaque to the laser beam. The plasma
spreads from its point of origin with a speed Vv, intercepting ar in-
creasing fraction of the instantaneous beam power passing through the
surface. The problem is to calculate for this system the total power

as seen by the photodiode, placed beyond the damaging surface, at time t.

The power density at any point r on the surface is given by

p(r,t) = p(0,t = 1/2w)(sin wt) exp (~ E;) (5)

(o]

Integrating eq. (5) in space, we obtain the total power at time t.

2T 4@

p = p(0,n/2w)(sin wt)J' J. exp <- ?—) r drdf (6)
o %o

no® p(0,T/2w) sin wt

d
|

Now we calculate the power PI intercepted by the spreading plasma
at time t and subtract this from eq. (6) to obtain the power incident
on the photodetector. To calculate PI, we translate the coordinate

system center to R where the plasma originates. The new coordinates

are taken as r/ and 0/, and

r=R+r’ (7)
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= Thus the power density at r’ is given by

_ _ _(R+ 112
: p(r’/,t) = p(- R, t = nfow)(sin wt) e e (&)
(R+r'?P=R¥+2r'Rcos 0+ r” (¢)
vt/ . 2n
PI(t) = p(- R,n/2w)(sin wt) f J (10)
o o
) - (R + 2 r'R cos 0 + r’@) r! ar’ daf

0.2

The limit vt’ is the radius to which the plasma has expanded at time t.
(We have assumed that breakdown [plasma initiation] occurs at the pulse
peak; that is, at t’/ = t + n/2w. That this is not always the case does
not concern our analysis here.) Note that integration over 8 is equiva-
lent to integration over H’.

Subtracting eq. (10) from eq. (6), we have the power P(t) incident

on the diode.

d
!

= p(0,n/2w) sin wt [no2 - exp (- %Z-)I(t)] , (11)

where

H
ot
S
]

vt! ,2n
1?2 o~ F
J J exp _(r +2¢£'R 228 o)r'dr'dO (12)
e
o o

From eq. (11) s We see that the deviation of the photodetector pulse

R g T

trom a half sine wave depends on v, R, and o; that is, upon the plasma
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expansion rate, the distance from the beam center at which breakdown
occurs, and the beam size,

It is possible that eq. (12) can be integrated over r’ and/or 0
in closed form to obtain a more tractable expression, but we do not cce
the solution. Certainly eq. (11) can be evaluated nunerically for sev-
eral cases of interest, but we leave this to anyone else that might be
interested. Instead, we will discuss semiquantitatively the wave torms
that could be generated.

Fi.st, we ask what are reasonable values of the plasma expansion
rate v. This has been measured in two experiments.®'2° In both of
these, rates of approximately 10° cm/sec were found for Q-switched pulses.
However, these measurements were generally made well above the breakdown
threshold. This leads us to take 10° cm/sec as an upper limit on v for
two reasons. First, v can be expected to depend on the rate at which
the laser pulse deposits energy into the plasma. Second, although we
have assumed in our analysis that breakdown occurs at a single point,
this is decrcasingly likely to be true at power levels above the break-
down threshold. The result would be an apparently greater expansion rate
in the experiments of 19 and 20. As a lower value of v, we somewhat
arbitrarily choose 10% cm/sec.

With these values of v we can consider what wave torm might be ob-~
tained when a 20 pn diameter Gaussian beam is used, as in the work ot
ref'. 17. First, suppose that breakdown occurs at beam center and that
v = 108 cm/sec (10 Lmﬂns). The result would be an almost total cutoff
of the pulse in less than one nanosecond, the pulse form attributed to

intrinsic breakdown in ref. 17 (see Figure I-23).

-29-

b e B a2 Sl b e

o g MY el

S T B, e




hte Lo

e

R A S )

B e My o - -

Suppose that v = 10°5 cm/sec (1 pm/ns) and breakdown occurs at beam
center. Then the pulse attenuation will be as shown in Figure I-24,

A fairly fast cutoff occurs at first because the Plasma is interceptiug
the most intense part of the beam. This is tollowed by a more (radui
attenuation as the plasma intercepts the less intense beam edges. This
pulse form might be attributed to inclusion produced damage.l? (It is
worthy of note that, in the work of reft. 17, plasmas assumed to be asso-
ciated with inclusions were usually less intense. One could infer trom
this that these plasmas were not as hot as those attributed to intrinsic
breakdown, and therefore v would be smaller. )

It is obvious from these examples that, by choosing appropriate
values of v, R, and 0, one can generate a wide variety of attenuated
pulses. Thus with large beams in which the pover density is near thresh-
old, one expects to see almost no attenuation, and in fact in our studies
with a 1.6 mm beam this is the case. At the other extreme, with a small
beam of power density well above the threshold, where breakdown would
occur at several places in the beam, one expects to invariably see a
very rapid attenuation.

In this section, we have aitempted to analyze the myriad pulse
forms seen in damage work. The ma jor points we have made are:

1. Pulse attenuation is almost certainly due to a plasma;
2. The myriad forms of attenuation observed can be easily explained

by considering the plasma expansion rate in conjunction with beam

size and power; and
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3. It is not generally appropriatc to relate pulse forms to the Lasic
damage rmechanism, especially when the mechanism is inclusion dsrmare

vhicre a plasma is often not prescnt.

I-7. Damage Morphology - Comments on
Ring Structure ~n ED-2

Damage morphology takes many forms, depending on material, pu
width, etc. We discuss only onc aspect of damage morphology here; the
frequent appearance of a ring structure around damage sites on ED-2.
A typical ring that can appear on either the entrance or exit surfacc
is shown in Figure I-25. The ring consists of material deposited on the
surfacc. This deposit cannot be removed by hand rubbing with acetone or
isopropyl alcohol. The form of the structurc varies; sometimes it con-
sists of a single ring, sometimes of multiplc noncircular rings (Figure
1-26) and sometimes of multiple concentric rings (Figure I-27). The ring
diameter can range from approximately the diameter of the damaging bean,
about 1.6 mm in our studies, to several times that size. Generally, the
diameter increases with the energy of the beam. Although the effecet ic
not easily discernible in the micrographs, the surface inside the rings
always exhibits a rippling or ''orange peel'' effect. Occasionally, some
cracking of the surface is secn.

Since the rings can be much larger than the damaging beam, it can
be concluded that they are causcd by the plasma accompanying damage and
not by the laser bcam. This is supported by thc absence of rimngs when
damage occurs without a plasma.

Rings are especially prominent on ED-2 laser glass, but are not

manitcsted on some other materials. On fused quartz, for cxample, we

-31-




s

never observe them. They are fairly easily scen on FK-6, a Schott
tluorosilicate glass.
WJe have offercd the tollowing cxplanations of these rings in

! fThe initial plasma is formed in the region of the

another place.®
damaging veanm. Its temperature is greater than 10° K as it begins to
expand over the surface, and it heats the surface as it comes into con-
tact with it. It is this heating that causes the ripple effect. The
plasma is cooled by cxpansion and by contact with the cooler surtface.

As the plasma cools to an appropriate temperature, one or more of its
components condense onto the surtface, forming a ring of material.

We s5till think this explanation of the ring formation 1s valid.
However, in ref. 21, we attempted to explain the multiple ring structure
by attributing each ring to a different plasma component that condensed
at a different temperature, and theretore at a differcnt radius. We
now believe the mlltiple rings are associated with mode beating on the
damaging pulse. Thus the pulse shown in Figure I-28 led to a single
ring, while the pulse in Figure I-29 led to a multiple structure similar
to that of Figurc I-27.

By this theory, the plasma is '‘'driven'! by the laser pulse. The

plasma temperature easily follows the power peaks on the pulse. The

radius of a particular ring depends on the temperature of the plasma in

;e

its inchoate stage. The temperature in this stage is in tuwrn a function
of the laser beam power intercepted (absorbed) by the plasma.
This explanation of the ring structure is supported by the number

of rings and peaks on the laser pulse. In Figure I-27, for example,
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seven rings can be seen. In Figure I-28, there are nine peaks on the
laser pulse. These two observations are consistent if we assume that
breakdown occurred near the third peak, leaving one ring for each suc
ceeding peak after the third. From this we infer that the outer rin
is associated with a peak near the middle of the rulse and the inner
rings with the following lower power peaks.

Further support of our interpretation of the rings is found in the
distance between adjacent rings. In Figure I-27, the distance between
adjacent inner rings is approximately 0.05 mm. The time between peaks
on the laser pulse is 6 ns. 'The Plasma expansion rate inferred from
this is approximately 108 cm/sec. Since the rings in Figure I-27 are
about the same size as the damaging beam, this is in good agreement
with measured expansion rates. If the rings vere much larger in diam-
eter, this relation between initial plasma expansion rate and distance
between rings would not hold, since the plasma cools rapidly as it ex-
pands.

As shown in Figure I-26, the ring structure is not always circular.
We attribute thic to breakdown in two well-separated regions of the
laser beam so that two plasmas are rresent.  This noncircularity would
not occur it a very small beam were used.

Finally, we point out a characteristic of somé rings for which we
have no explanation. This is the sawtooth structure seen in Figure I-30.
Perhaps this is due to temperature differences along the periphery of

the expanding plasma, but this is strictly conjecture.
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Figure I-4. Bowl-feed polished ED-2 laser glass
- long polishing time - rouge polish
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Figure I-5. Bowl-feed polished ED-2 laser glass
- short polishing time - rouze polish i
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Figure I-6. Conventionally
& polished fused cuartz

Figure I-7. Conventionally
polished fused quartz
after acid etch
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Figure I-6. Coaventionally polished ED-2 laser glass
barnesite polish

Figure I-9. Bowl-fzed
polished ED-2 laser glass
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Figure I-10. ED-2 bowl-feed - rouge polished - long polishing time
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Figure I-1l. ED-2 bowl-feed - rouge polished - short polishing time
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Figure I-12. ED-2 conventional polish with rouge

Figure I-13.

ED-2 conventional polish with barnesite
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Figure I-14. ED-2 conventional polish with barnesite
- crystalline structures may be platinum

1pm

Q

Figure I-15. ED-2 bowl-feed - barnesite polished
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Figure I-16. ED-2 bowl-feed - Cerox polished
3 - £
3 Figure I1-17. ED-2 bowl-
k feed - Cerox polished :
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Figure I-18. Polished glass
(EY-1) surface before
hot acid treatment

Figure I-19. Polished glass
(EY-1) surface after
hot acid treatment
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Figure I-22.

Damage on acid-treated ED-2
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Figure I-25. Ring of material deposited around damage site
on ED=2. Ring diameter is about 3 mm.

Figure I-26. Noncircular damage ring on ED-2.
Diameter is 2.5 mm.
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Fgure I-27. Multiple ring structure on ED-2. Distance between
adjacent inner rings is approximately 0.05 mm.

Figure I-28. Pulse form asso-
ciated with a single damage
ring. 20 ns/division.

Figure I-29. Pulse form asso-
clated with multiple rings.
20 ns/division.
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Figure I-30.

Sawtooth structure on damage ring distance
between rings in approximately 0.1 mm
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Table I-1

Effect of Hot Acid Treatment on ED-2
Polished by Several Processes

Entrance Entrance
Threshold before Threshold after
Polishing Technique Acid Treatment Acid Treatment
Barnesite with 150 J/em? 470 J/cm?
pitch lap - Shop 1
Cerox and pitch 180 525
Shop 1
Cerox and pitch 180 250
Shop 2
Cerox - Bowl-feed 140 375
Shop 3
Diamond - Shop 2 200 210
Rouge (iron oxide) 60 270
Shop 1
Rouge (bowl-feed) hs 150

Shop 4
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II. HIGH ENERGY DENSITY LASER SYSTIM

IT-1. Summary

1.

Using TiMgo narrow bandwidth 15 ns pulses, we achieved output irraui-
ances ot more than 4.4 GW/em® (70 J/em®) with no damage. In ter us
of irradiance, this is 1407 of the contract goal of .1 GW/em® or
100 J/em® in a 30 ns pulse.

Using multimode broad bandwidth 30 ns pulses, we achieved output ir-
radiances of 2.2 GW/em® (70 J/em®) with no damage to the amplifiers
but with damage to a collimating lens. We achieved 1.9 GW/em® (59
J/em®) with no damage at all, but the highest repeatable multimode
output irradiance without any damage was approximately 1.4 GW/cmg

(45 ¢/em?).

In both cases, higher irradiances could only be achieved by sharper
focusing otf' the beam which led to self-focusing damage. With shorter
amplifier rods anc greater preamplification, even greater output ir-
radiances should be possible.

In no case was an amplifier rod surface damaged, unless self-focusing
damage occurred also. OSurfaces of' passive components nearly normal
to the beam were trequently damaged and limited the extent of the
experimental part ot this study. This damage could be eliminated but
was not,due to delays in the delivery of certain items and a shortage
of time. Irn nigh-power nanosecond lasers, surface damage is a prob-
lem, but a solvable problem. Self-tocusing is the current limit to

the performance of such lasers.
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II-2. Introduction

At 70 J/em®, it did not seem to matter whether the 15 ns pulse enve-
lope was temporally smooth or spiky (displaying irregular subnano-
second substructure).

At least in the case of nanosecond pulses of irradiance gre:..er 1han
the amplifier saturation irradiance there seems to be no great need

to use single spatial mode or narrow bandwidth pulses to prevent
damage.

Amplifier spontaneous emission kept us from using as much preamplifi-
cation as we had originally planned on in the single-mode experiments.
Greater isolation should have been provided.

A Faraday isolator should have been used to prevent damage due to
backward traveling veflections.

All positive lenses of focal length f form a tertiary (twice-reflected)
focus located approximately 0.15 f from the lens. This twice-reflected
focus can be intense enough to cause damage.

The concept of total internal reflection apodizers appears worthy éf
further research. Other areas considered worthy of further research

are outlined in Section II-5.3.

definitions, assumptions, and conventior. used in this section ot the

contract report.

values. For purposes of calculating peak vowers (P), we assume all

pulses are Gaussian in time. This meeas that

11-2.1. Preliminary remarks

In order to minimize contusion, we begin by stating several of the

Pulse lengths in time (tp) are full width at half maximum (FWHM)

=55«




P = 0.9 & (1)
Y
where E is the energy in the pulse.

The symbol ''p'’ is used to indicate J/em® which we call ''energy
irradiance.'' Irradiance refers to W/em®. The word intensity is usecd
only loosely. 1If we say a pulse is more intense, that may refer to
power (W), irradiance (W/cm®), energy (J), energy irradiance (d/cm®),
or other parameters that would apply in that part:cular context.

We also wish to acknowledge the technical assistance of D. Wahl and

T. Phillips.

II-2.2. Goals

The goal of this phase of the contract was to demonstrate a Nd:glass
laser that operated at an energy irradiance of 100 J/cm2 in a 30 ns pulse.
The feeling was that we had already shown that the surface damage thresh-
old of typical laser glasses was at least 100 J/cm®, so one should be
able to operate actual lasers at these irradiances (3.1 Gw/cme). All the
previous experiments, however, were done with small, isolated, passive
glass samples at the focus of a 1.5 meter lens.® The goal of this por-
tion of the contract was to show that the same damage thresholds could
be expected in actual laser systems using large pieces of active (opti-
cally pumped) Nd laser glasses. Thus we hoped to show actual laser op-
eration at 100 J/em®, not just passive resistance to damage at 100 J/cm?.
Recent studies by Bliss, et al, have shown that there is indeed a dif-
ference in damage resistance between pumped and unpumped samples and that

this difference is consistent with current thenries of smsll-scale self-

focusing.®
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Given a goal of 100 J/cme, one still has not specitied the total
energy in the laser output. Originally we hoped for a 100 Jd, but fin-
ancial and technical constraints made us decide to concentrate on 100
J/cm2 and treat the total energy as a secondary concern. Our vhilosophy
also was to not do anything that couldn't be readily applied to existing
Nd:glass lasers. The 100 J/cm2 would be attempted under conditions as
near as practical to those found in operating lasers. For example,

100 J/er® in a highly focused or detocused beam would not be in the
spirit ot this contract. We wanted 100 J/cmp at the output of a prac-
tical laser system.

Frankly, we experienced some indecisiveness in starting this work
because we felt that the limiting tactor in 30 ns lasers was self-focusing
damage, not surtace damage - and this contract was to focus specifically
on surface damage. One could also question the wisdom in seeking 100
J/cm2 in a laser material that saturates at approximately 6 J/cm2. At
energy irradiances several times the saturation level, the extraction of
energy from the laser amplit'ier becomes very nearly complete and further
increases in energy irradiance become counterproductive due to the in-
evitable losses of scattering and absorption. Consider a laser pulse of
total energy E5 that is to be amplitied to Eg + 3 Wg, where Wo 1s the
energy stored in an amplifier of crosse-sectional area A and length 4.

Four cases will be considered (see Figure II-1). We further assume that
the incident energy irradiance in cases a and b is 100 J/cme, thus in
cases ¢ and d the energy irradiance is 33.3 J/cme. If we neglect all

losses and assume that at both 53.3 and 100 J/cme complete energy
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extraction takes place, the output in all four cases is Eg + 3 Wg. Now
let us consider the losses. Let each surface have a loss of ''s'' 7
and let the laser material have a loss coefficient of y. The output
in each case is listed in Table II-1. We calculated some numerical

values using: (Eg + 3 VWo) = 109 J/cm?

L= 3cnm
s = 0.1 = 0.001
v = 0.002 em™*

(The 5.33 exponent in Table II-1 arises in case c becaune one beam sees
four surfaces, vhile two beams see six.)

Tre advantage of large apertures and lower irradiances is clear,
although more rigorous calculations would be necessary to accurately
evaluate the trade-off's involved. Because of these losses and pulse-
shaping effects, it is seldom advisable to operate at energy irradiances
more than five times the saturation energy irradiance.® For ED-2 laser
glass, the saturation energy irradiance (ps) is approximately 6 J/cm?,
so the contract goal of 100 J/cm2 is more than sixteen times ps.

Nonetheless, there is a variety ot valid reasons why one might want
to operate at 100 J/cw®. The maximum aperture size may be limited by
technical or financial constraints. Also the pumping (storage etficiency
of small aperture Nd:glass amplifiers is higher than the pumping effi-
ciency of large aperture disk amplitfiers.?,»® Pumping or storage effi-
ciency is the ratio of the energy stored in the (Nd) amplifier to the

energy stored in the pumping capacitor banks. 5o even if high irradiance
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ovcration leads to less efficient energy extraction, the total system
etficiency and/or cost effectiveness could be higher due to the increused
pumping etficiency. Attempts at 100 J/cm2 operation may also lead to
further improvements applicable to other laser systems and/or other op-
tical components. All things considered, there are indeed valid reasons

for seeking a 100 J/cm® laser.

II1-5. Theory

IT-3.1. Measurements

An important question in this study was: ''what is the best way to
measure irradiances of 100 J/cme in 30 ns pulses?'' These measurements
require careful attention to both temporal and spatial effects. We con-
sider temporal effects first. Figure II-2 illustrates the possible prob-
lems. IT the pulse has low irradiance wings in time (or space), the total
energy in these wings may be large enough to give misleading measurements.
For example, the tflashlamp and Nd:fluorescent lifetime assure that the
amplifiers will be in a condition of rather high gain for about 1 ms.
During this time, ampl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>